Introduction
The West Antarctic Peninsula (WAP) is one of the most rapidly warming regions in the Southern Hemisphere, with atmospheric and surface ocean warming especially evident from the 1950s to the late 1990s [1] [2] [3] [4] [5] [6] . In accord with atmospheric warming, significant changes in sea ice-, upper ocean-and freshwater dynamics have been reported in the WAP. The timing and duration of the annual sea ice cover have been greatly impacted, showing a significant trend of decreased winter sea ice duration [7] . For the last 50 years, nearly 80% of the glaciers have been in retreat with an accelerating rate of the retreat [8] , contributing to increased glacial discharge and freshwater input into the coastal WAP [9, 10] . The increased frequency of relatively warm (approx. 2°C) Upper Circumpolar Deep Water delivered onto the WAP continental shelf drives subsurface ocean warming [11] . Superimposed on the aforementioned responses of the WAP system to longterm climate change is strong inter-annual variability of the physical processes, which are driven primarily by two specific modes of climate variability: the Southern Annular Mode (SAM) and the El Niño-Southern Oscillation (ENSO) [12] . The SAM is the dominant mode of extratropical atmospheric variability defined as differences between sea-level pressure anomalies in mid-and high latitudes, which accounts for approximately 35% of the total Southern Hemisphere climate variability [13, 14] . Under negative SAM conditions, the WAP region is impacted by cold southerly winds and becomes a favourable environment for sea ice growth and duration (e.g. late spring retreat and early autumn advance) [7] . Similarly, El Niño conditions generate colder periods in the WAP, promoting sea ice growth and duration [7] . Conversely, under La Niña and/or positive SAM conditions sea ice formation is delayed together with shortening of sea ice duration [7] .
The changes in upper ocean dynamics affect the ecology and physiology of individual marine organisms as well as whole communities via ecological food-web interactions, given that biological functions and processes are strongly dependent on sea ice dynamics [15] . In particular, phytoplankton responses to climate variability are strongly modulated by sea ice and upper ocean physics. In the coastal WAP, macro-and micronutrient (e.g. iron) concentrations are typically abundant as a consequence of water-column mixing, sedimentary inputs and glacial run-off, thereby not limiting phytoplankton growth [16] [17] [18] [19] [20] [21] . In the coastal waters even during the periods peak phytoplankton concentrations, iron usually remains above limiting levels [22] . Phytoplankton growth initiates in the spring after a period of near to total darkness during the Austral winter. The bloom is triggered by increased irradiance within the stabilized water column as a result of solar warming and freshening from spring sea ice melt [2, [23] [24] [25] [26] [27] . The strength
Material and methods (a) Site description
The three sampling stations explored in the present study are Carlini Station (PC) on King George Island, Palmer Station on Anvers Island and Rothera Station on Adelaide Island, all located along the coastal WAP (figure 1). Potter Cove is a 7 km 2 fjordic system of the bigger Maxwell Bay, located in the southwestern end of King George Island (25 de (less than 50 m) and outer parts of the cove (approx. 100 m). The central basin of both cove sections (82% of seafloor) is covered by fine sediments and surrounded by shallower rocky areas especially in the outer cove [34] . Potter Cove is influenced by freshwater inputs flowing from two creeks, the Matías and the Potter Creeks, as well as from sediment-loaded subglacial meltwater from the surrounding glacier [35] . More details for Potter Cove are found in Woelfl et al. [36] and Schloss et al. [26, 28, 37] ; 0.7% of total sample size) were removed to avoid biases in the eigenstructure (see §2c Empirical orthogonal function decomposition). Extracted Chl data were used for Carlini Station (PC) and Palmer Station given their availability at similar sampling depths. Given that the bottle data were only measured from 15 m at Rothera Station, we chose to use fluorescence data at 6 m for Rothera Station to ensure consistency of the sampling depths analysed across the three stations. Using fluorescence datasets is not expected to introduce artefacts in the comparisons among the three stations, given the very strong correlation between Chl values from the inline fluorometer on the CTD and the bottle-extracted Chl values from 15 m, from which routine calibration has been performed at Rothera Station [24, 29] . For Carlini Station (PC), raw daily volumetric Chl concentrations were averaged from stations E1-E3 to ensure maximum sample size, given that the patterns from our analysis (e.g. climatology and EOF patterns) did not show considerable differences compared to analyses for only one station, E1 or E2. Schloss et al. [26] analysed phytoplankton values above (0-10 m averages) and below the pycnocline (20-30 m averages) in E1 and E2 separately. However, we used an average of Chl values from E1 and E3 to represent spatially more extended features of Potter Cove, from the 5 m depth only, based on no discernable differences in the EOF patterns. The data gaps from Palmer Station were filled with the data from the inshore Palmer Station B based on the correlation between Chl values from these two sites (r 2 = 0.49, p < 0.001 for raw volumetric Chl data and r 2 = 0.87, p < 0.001 for log 10 -transformed raw volumetric Chl data). The volumetric Chl concentrations for all studied years are characterized by typical lognormal distributions at all three stations (n = 406, mean = 0.87, σ = 1.51 at Carlini Station (PC); n = 1448, mean = 2.33, σ = 4.35 at Palmer Station and n = 812, mean = 2.97, σ = 5.31 at Rothera Station). Non-Gaussian distributed, raw volumetric Chl data were used for calculating monthly standardized anomalies, whereas they were log 10 -transformed to ensure that the distributions were as nearly Gaussian distribution as possible for conducting empirical orthogonal function (EOF) analysis (see below and electronic supplementary material, figures S1 and S2).
(c) Empirical orthogonal function decomposition
We employed EOF analysis as a main analytical method. EOF analysis is widely used as a means of quantifying the inter-annual variability about the climatological means of a variable of interest and its spatial variability structure (i.e. spatio-temporal variability) [11] . In our study, EOF analysis was performed in two different ways of setting up the matrix to be eigen-decomposed: (i) months of each year to represent seasons (i.e. January-December) by individual years for each site separately and (ii) months of all three sampling sites (i.e. January-December, . . . JanuaryDecember, . . . January-December) by individual years for all three sampling sites together to explore (i) each individual site's seasonal-inter-annual covariability and (ii) seasonal-interannual covariability of all three stations together. These two approaches to the EOF analysis are referred to as the first case of the EOF analysis and the second case of the EOF analysis. The first case of the EOF analysis represents seasonal-inter-annual covariability or the interannual variability of seasonal progression of phytoplankton biomass at each sampling station. The second case of the EOF analysis reveals not only each sampling station's specific dynamics but also its interactions with the other two stations in a statistical manner. 
(d) Statistical analyses
Linear trends in the Principal Component (PC) time series and actual Chl data were examined parametrically at a statistical significance level of p < 0.05, testing against the null hypothesis that the slope coefficient (β 1 ) of the linear regression equation (Y = β 0 + β 1 T + ) is zero. To examine trends in the actual Chl data, we calculated monthly anomalies (standardized) of Chl to reduce the confounding effects of outlier values and seasonal cycle. Standardized anomalies were calculated as x −x/s, wherex is the climatological mean ands is the climatological standard deviation. Chl composites (averages) during different climate regimes were compared using a one-tailed Student's t-test for unpaired samples to address unequal sample size for each distinct climate regime. Owing to small sample sizes (n = 9 and 15 for El Niño/−SAM and La Niña/+SAM), a relaxed criterion was used as the level of statistical significance at p < 0.10. The bootstrapped technique was employed to cross-correlations to fix autocorrelation-induced inflation in the sample size (full details in [21] ).
(e) Physical and climate variability
Climate variability datasets explored in the present study included the Southern Oscillation Index (SOI), the Multivariate ENSO Index (MEI) and SAM indices. The monthly SOI and MEI indices were downloaded from the National Oceanic and Atmospheric Administration Earth System Research Laboratory website (http://www.esrl.noaa.gov/psd). The monthly SAM index was obtained from the British Antarctic Survey (BAS, http://www.nerc-bas.ac.uk/icd/gjma/sam. html). For water-column stability parameters at Carlini Station (PC), the Brunt-Väisälä frequency (N 2 ) between 1 and 25 m depth was calculated. For this analysis, we only considered observations when at least seven samples were collected in each CTD profile (calculation method for N 2 detailed in Schloss et al. [26] ), while MLD was used for Rothera Station (calculation method detailed in Clarke et al. [24] ).
Results (a) Climatology, monthly anomalies and trends (i) Carlini Station
At Carlini Station (PC) phytoplankton biomass was typically low with values ranging from 0.01 to 21.98 µg l −1 and a 25 year mean value of 0.87 ± 1.51 µg l −1 (figure 2a). The overall mean value was 4% of the maximum. The climatology showed that the primary peak in Chl occurred during March at 2.29 ± 3.79 µg l −1 (figure 3a); however, this result might be due to two unusually high values in 2012 (16.24 µg l −1 on average, approx. sevenfold larger than the March climatology). After removing these high values, the maxima climatological Chl value was observed in December (1.49 µg l −1 , data not shown). Monthly anomalies were characterized by three notable patterns (figure 4a), showing (i) the magnitude of positive anomalies was generally larger than that of negative anomalies over the studied years, (ii) positive anomalies increased in magnitude and occurred more frequently since 2009 and (iii) the frequency of positive anomalies increased significantly over the 25 year period (p = 0.005).
(ii) Palmer Station EOFs capture the first two dominant, uncorrelated and independent seasonal variability patterns in the Chl datasets. It should be noted that EOF indicates how much phytoplankton biomass in a given month is larger or lower than the climatology of that month. Thus, it is the covariability in deviations from average phytoplankton biomass that is examined, not an actual average biomass pattern at each site. The PC time series represent how these seasonal variability patterns vary inter-annually, representing the inter-annual variability of seasonal phytoplankton dynamics. Yearly Chl anomalies were reconstructed using the first few leading modes (5, 6 and 5 modes for Carlini Station (PC), Palmer Station and Rothera Station, respectively), representing the combined effects of varying phytoplankton bloom phenology on each studied year (electronic supplementary material, figures S3-S5).
(i) Carlini Station
The leading EOF mode (mode 1) captured 38% of the total Chl variability. Mode 1 captured year-round extended and prolonged, positive Chl anomalies from January to December, with a strong phytoplankton biomass peak in February (EOF1; figure 5a ). The years with year-round (ii) Palmer Station
The leading EOF mode (mode 1) captured 29% of the total Chl variability. Mode 1 captured summer phytoplankton blooms (January-March) followed by very low Chl during the Austral winter months (EOF1; figure 5b). No significant trend was found for this pattern (figure 5b, PC1, p > 0.05). The second EOF mode (mode 2) captured 18% of the total Chl variability. Mode 2 captured high Chl in the early spring (early spring blooms), contrasting the phenology of the phytoplankton bloom captured by mode 1 (EOF2; figure 5b ). The inter-annual variability of the seasonal Chl variability pattern captured by mode 2 appears in the PC2 time series (PC2; figure 5b ). No significant trend was found from the PC2 time series (p > 0.05). More details of the phytoplankton variability at Palmer Station are found in Kim et al. [21] .
(iii) Rothera Station
The leading EOF mode (mode 1) captured 45% of the total Chl variability. Mode 1 captured an overall elevated phytoplankton biomass pattern as a year-round positive Chl anomaly (i.e. higher than the 19 year climatology) (EOF1; figure 5c ). The year-to-year variability of this seasonal variability pattern was represented in the PC1 time series (PC1; figure 5c ). The second EOF mode (mode 2) captured 16% of the total Chl variability. In contrast to mode 1, mode 2 captured the low-frequency-dynamics-like feature of the phytoplankton biomass accumulations along the three stations. Mode 2 captured seasonal-spatial phytoplankton biomass patterns characterized by year-round negative Chl anomalies at Carlini Station (PC), prolonged negative Chl anomalies in January-September with an abrupt transition to positive Chl anomalies in the spring (October-December) at Palmer Station and prolonged year-round positive Chl anomalies at Rothera Station (EOF2; figure 6b). No distinct relationship of the PC2 time series to climate variability was observed. However, the PC2 time series showed a weak but significant decreasing trend over the studied years (p = 0.04; PC2; figure 6b). columns, as determined by the amount of spring sea ice melt, glacial meltwater input during summer and the degree of wind-driven turbulent mixing. Along with sufficient macronutrient supply, iron inputs from a variety of sources (e.g. coastal glaciers, bottom sediments and deep water) make iron limitation rare or incidental during the growing seasons (e.g. at the end of summers) at Palmer Station and Rothera Station [10, 21, 24, 28, 39, 40] . Given similar physical and environmental settings for phytoplankton dynamics at all three stations, significantly lower phytoplankton biomass at Carlini Station (PC) (often less than 1 mg m −3 during growing seasons and the occasional maximum less than 5 mg m −3 ) requires an alternative explanation [26] . Previous studies showed that, in most areas of inner Potter Cove, high loads of suspended particulate organic matter from coastal glacial run-off, melting and sediment resuspension significantly reduce irradiance levels in the water column [26, 37, [41] [42] [43] . Large quantities of lithogenic particulate coastal and subglacial run-off result in an up to 5 m thick turbid surface layer that builds up during the melt season and restricts phytoplankton growth through attenuation of the underwater light climate. The effect of the sediment plume on phytoplankton light-harvesting pigments is significant and rapidly reduces photoprotective capacity in natural phytoplankton once it reaches the turbid water areas of the cove [44] . Schloss et al. [42] demonstrated that coastal run-off restricts phytoplankton growth, rather than acting as a positive stimulus for phytoplankton growth by enhanced water-column stability. Lower levels of suspended particulate matter at Palmer Station and Rothera Station might explain the relatively larger magnitudes of phytoplankton biomass compared to Potter Cove. Also notable is the opposite sign of the long-term Chl trends at the three stations. Monthly anomaly patterns appeared to be similar between Carlini Station (PC) and Palmer Station, with generally larger amplitudes of positive anomalies than negative anomalies. In addition, at Carlini Station (PC) and Palmer Station, there was an increased frequency of positive anomalies in the recent years (since 2010; see [28, 33] ), which seems to drive the increasing Chl trends at both sites. Saba et al. [30] demonstrated that, in the coastal WAP, positive Chl anomalies during the Austral summer were driven by negative SAM conditions in the preceding winter and positive SAM conditions in the following spring as both climate conditions contribute to increased watercolumn stability via ice melt and reduced wind stress, respectively. The El Niño phase in the previous winter is known to act similarly as an environmental setting favourable for large phytoplankton blooms as a result of increased winter sea ice growth, spring ice melt and resulting stratification of the upper water column [7, [29] [30] [31] . In particular, increasing trends of the Chl anomalies at Carlini Station (PC) and Palmer Station were largely influenced by large amplitudes of positive Chl anomalies since 2009-2010. The negative winter SAM condition (SAM in July 2011 = −1.52) might contribute to positive Chl anomalies in the spring at Carlini Station (PC). In contrast, positive Chl anomalies in the spring-summer months (2015 through 2016) at Carlini Station (PC) and Palmer Station might be attributed to very strong El Niño events persisting from the winter (SOI in August 2015 = −1.41 and MEI in August 2015 = 2.37). At Carlini Station (PC) these observations are further supported by significantly increased Chl in the spring as a result of El Niño and negative SAM phases, supporting high winter sea ice growth and spring ice melt (figure 7a). More importantly, at Carlini Station (PC) there is a significant impact of local forcing (i.e. glacial melting), in conjunction with large-scale climate forcing, on controlling phytoplankton biomass. In + SAM/La Niña years due to relatively high air temperatures, increased sedimentary run-off could limit phytoplankton growth and accumulations [45] . Consistent with previous findings [21, 30] spring phytoplankton accumulations at Palmer Station were weakly positively Venables et al. [29] demonstrated that decreased winter ice cover was linked to a deepening of the winter mixed layer and persistently reduced stratification during the following spring-summer. During periods of low winter ice cover, the water column is more deeply mixed and thereby requires more buoyancy to be stabilized. Consistent with previous observations [29, 31] , there was an increasing trend of monthly MLD anomalies at Rothera Station (p < 0.001; figure 8a), which provides a mechanistic basis for the observed decreasing Chl trend there. Our findings on the opposite trends in the phytoplankton biomass along a climate gradient contrast observations by Montes-Hugo et al. [32] where phytoplankton biomass significantly decreased in the northern WAP (near Carlini Station (PC)) and increased in the southern WAP (near Rothera Station).
Discussion
(b) The first case of the empirical orthogonal function analysis: seasonal/inter-annual covariability at individual stations
The first case of the EOF analysis distils the bulk Chl variability into dominant features in seasons (i.e. EOFs) coherent from year to year and represents how the amplitude of each seasonal variability pattern varies over the studied years (i.e. PCs), providing a means to explore the inter-annual variability of seasonal phytoplankton bloom dynamics at each sampling site (e.g. [21] ). All three stations were characterized by distinct phenology of the phytoplankton biomass accumulations, but with greater resemblance in the seasonal progression patterns between Carlini Station (PC) and Rothera Station. The leading modes captured more of the total Chl variability at Carlini Station (PC) and Rothera Station, whereas relatively the first two modes captured nearly an equal amount of the total Chl variability at Palmer Station (29% by the first mode and 18% by the second mode; figure 5b ). In addition, at Carlini Station (PC) and Rothera Station, the leading modes represented low-frequency dynamics of Chl, showing fluctuations in the year-round phytoplankton biomass (EOF1, figure 5a,c), while seasonally two different phytoplankton blooms (i.e. summer blooms and spring blooms) were observed at Palmer Station (EOF1, figure 5b ). Phytoplankton species composition has been shown to explain high or low phytoplankton biomass years at Palmer Station, where increased abundance of diatoms was found in highbiomass years and increased abundance of cryptophytes was found in low-biomass years [30] . However, phytoplankton species composition is similar at all three stations [26, 31, 33, 42, 44] . As soon as spring ice retreats and water columns are stabilized, diatoms dominate, taking advantage of sufficient irradiance and nutrients, while in the later growing season smaller species like cryptophytes and nanoflagellate species take over the phytoplankton bloom in the glacial melt-induced fresher and warmer water columns [46] [47] [48] [49] [50] [51] [52] [53] . In both high and low Chl years at Carlini Station (PC), phytoplankton species composition showed a classical succession pattern with a centric diatom species, Corethron criophilum, evolving to a diverse community dominated by Thalassiosira and Porosira species, and finally turning into a community dominated by the prymnesiophyte Phaeocystis antarctica as the main species [42] . In response to glacial melt-induced low-salinity conditions in later growing seasons the abundances of small pennate diatom species (Navicula glaciei, N. perminuta, Nitzschia cf. lecointei, Fragilariopsis cylindrus/nana) increase, but the species composition does not seem to be significantly affected by the loadings of suspended particulate organic matter [42, 54] . Thus, phytoplankton community composition might not explain the observed differences in the EOF/PC patterns of the phytoplankton biomass accumulations at the three sites. Nonetheless, the EOF analysis reveals that the phenology of the phytoplankton blooms was different among the sampling sites.
(c) The second case of the empirical orthogonal function analysis: seasonal/inter-annualspatial covariability for all three stations together
Compared to the first case of the EOF analysis, the second case of the EOF analysis additionally incorporates the spatial patterns of any two of the three stations into the inter-annual variability of seasonal phytoplankton dynamics at each site. Here, EOF patterns still represent individual sites' inter-annual variability of the seasonal phytoplankton biomass. However, importantly, these EOF patterns are essentially gathered information from site-specific phytoplankton dynamics of which the variability was statistically derived by taking the other two stations' dynamics into account. Ecologically speaking, the leading mode indicates that, in a seasonally evolving manner, along the latitudinal gradient from Carlini Station (PC) to Rothera Station, if lower (than the 25-year climatology) summer-winter (January-July) and spring (October-November) phytoplankton blooms occur at Carlini Station (PC), it probably co-occurs with or is followed by particularly high winter-early spring (June-September) phytoplankton biomass at Palmer Station. By contrast, this pattern probably co-occurs with the pattern where phytoplankton biomass is consistently low all year-round at Rothera Station (figure 6a). This seasonal progression pattern is most evident in the year 2010 shown as the highest PC1 year. Notably, the year 2010 was impacted by the winter La Niña condition. The preceding winter's La Niña condition shapes an environmental configuration for low phytoplankton growth and accumulation in the spring/summer as a consequence of decreased winter sea ice growth, spring sea ice melt and water-column stability [7, [29] [30] [31] . Indeed, there was an evident relationship between the springtime Chl patterns and water-column stability parameters at Carlini Station (PC) and Rothera Station. At Carlini Station (PC), low phytoplankton biomass in the spring was driven by decreased water-column stability via low N 2 (i.e. negative anomalies in figure 8b ; r = 0.60, p = 0.063 for August-September N 2 anomalies versus September-October Chl anomalies). Likewise, low spring phytoplankton biomass at Rothera Station might be caused by decreased water-column stability via deeper MLD (i.e. figure 8a ; r = −0.45, p = 0.068 for October MLD anomaly versus October Chl anomaly). The monthly MLD anomalies were persistently positive in the year 2010 at Rothera Station (figure 8a), which might also explain the low year-round phytoplankton biomass in the highest PC1 year. However, high winter-early spring Chl at Palmer Station might be due to diatoms released from within sea ice, given that at Palmer Station La Niña events were associated with early ice retreat and caused significant silicate drawdown in the beginning of the Austral growing season in the absence of increased water-column stability [21] . This is further supported by strong correlations between winter/spring Chl and La Niña conditions at Palmer Station (r = 0.70, p = 0.036 for August Chl versus August SOI and r = 0.69, p = 0.013 for September Chl versus August SOI). When La Niña conditions were superimposed on + SAM conditions, Chl increased significantly at Palmer Station (figure 7b). Similar observations were found at Carlini Station (PC) (r = 0.70, p = 0.034 for August Chl versus August SOI and r = 0.72, p = 0.018 for September Chl versus August SOI), suggesting that phytoplankton cells might be released from melting sea ice; this might explain positive Chl anomalies in some of the winter months (August) at Carlini Station (PC) (figure 6a). However, such observations were not found at Rothera Station (figure 7b).
Mode 2 contradicts the pattern represented by the leading mode, showing the Chl 'lows' (i.e. year-round low Chl) at Carlini Station (PC) and Palmer Station with the Chl 'high' (i.e. year-round high Chl) at Rothera Station. This low-frequency dipole pattern of the phytoplankton seasonal progression was not associated with any particular climate modes. However, it is noteworthy that the frequency of this seasonal-spatial phytoplankton variability pattern significantly decreased over the studied years, which implies increases in the year-round Chl at Carlini Station (PC) and Palmer Station and a decrease in the year-round Chl at Rothera Station. Consistent with our findings discussed above (4a Climatology, Monthly Anomalies and Trends), the decreasing PC2 trend was partly influenced by increasing Chl trends at Carlini Station (PC) and Palmer Station, but a decreasing Chl trend at Rothera Station.
Conclusion
This study presents the temporally most extensive analysis of phytoplankton biomass in coastal Antarctica, encompassing the results from the three long-term monitoring sites, Carlini Station (PC), Palmer Station and Rothera Station, along the coastal WAP. Importantly, our results shed new light on the relative spatial scales of the different driving mechanisms. Despite their geographical proximity, the three sites were characterized by distinct phenology of phytoplankton biomass accumulation as revealed by EOF analysis (i.e. the first case of the EOF analysis). The spring-summer phytoplankton biomass at Carlini Station (PC) was notably lower compared with Palmer Station and Rothera Station, presumably due to the local effect of particles derived from glacier melt shading phytoplankton cells at Potter Cove during the growth season, especially in warmer years. There were significant trends towards increased monthly Chl anomalies for the studied years at Carlini Station (PC) and Palmer Station. By contrast, phytoplankton biomass decreased significantly for the studied years at Rothera Station, which appears to be related to the increasing MLD trend at Rothera Station. The three sampling stations are situated close to each other when considering the spatial scale of large-scale climate forcing; however, there were inconsistent responses of the magnitudes of winter and spring phytoplankton biomass to distinct ENSO and SAM regimes among the three stations. This observation suggests a significant role of local-scale forcings (e.g. retreating glaciers and topographically steered circulation) which additionally contribute to shaping phytoplankton blooms along the three stations. The interannual variability of the seasonal phytoplankton biomass derived from all three stations together (i.e. the second case of the EOF analysis) presented ecologically meaningful patterns, which were explained by an opposing set of climate and physical forcing mechanisms. Mode 1 captured seasonally co-occurring patterns of low summer-winter and spring Chl at Carlini Station (PC), high winter-early spring Chl at Palmer Station and low year-round Chl at Rothera Station. Mode 1 also demonstrated that the most dominant seasonal Chl patterns were directly influenced by the
